Introduction
The sea-lamprey, Petromyzon marinus Linnaeus, 1758 occurs on both sides of the North-Atlantic. While in North America it became a serious problem for many aquatic ecosystems after it invaded the great lakes (Bryan et al., 2005) , in Western Europe its conservation is raising increasing concerns (Maitland, 2003) . Being an adromous, the sealamprey migrates into rivers and must reach gravel streams where spawning takes place. The larvae are carried downstream and must find suitable muddy/sandy substrata where they live, buried in the sediment for several years, filter feeding on particles carried by the moving water. After the larval stage, the young lampreys, which acquire fully functional eyes and become active swimmers, migrate to the sea, where they live at least two years biting and sucking blood and other tissues from fish (e.g. Hardisty and Potter, 1971 ). With such a life-cycle, sea-lampreys are vulnerable to a variety of disturbances: they must survive the crossing of estuaries, typically among the most polluted parts of rivers; they must find their way upstream, often a problem when dams and other kinds of river obstructions have been built; they must find water with the right flow and gravel with the right size for the adults to spawn and the larvae to hatch; and, growing larvae must find clean productive grounds where water velocity and sediment structure are appropriate for their growth. In addition, in some European countries, there is a very profitable fishery of sea-lampreys, placing an additional burden on the populations (Kelly and King, 2001 ).
Despite its economical value and high conservation priority, little information is available on the structure of sea-lamprey populations that spawn in Western Europe. RodriguezMuñ oz et al. (2004) , using a fragment of 511 bp of the control region of the sea-lamprey mitochondrial genome, found that individuals spawning in the rivers Minho and Cela, separated by about 500 km, showed similar patterns of haplotype distribution. They also noted that no haplotypes were shared with samples from North America. In addition, their data suggested that the Iberian populations were much less diverse genetically (three haplotypes in 45 specimens) than the Western Atlantic populations (11 haplotypes in 71 specimens). These findings led Rodriguez-Muñ oz et al. (2004) to raise the possibility that the sea-lamprey underwent a severe bottleneck in Southwest Europe. Bryan et al. (2005) , using microsatellites, also found that in a Portuguese River (Mondego), the genetic diversity was very low when compared with that found in North-western Atlantic rivers, supporting the finding of Rodriguez-Muñoz et al. (2004) . They suggested that a serious reduction of effective population size may have occurred in Europe as a result of the fisheries that exploit sea-lamprey in several countries.
Both microsatellites (Bryan et al., 2005) and mtDNA control region (Waldman et al., 2006 ) revealed a notorious lack of differentiation among the North American rivers draining into the Atlantic. This lack of differentiation is not caused by insufficient variability in the markers used, as demonstrated by the differentiation among populations of lakes where the sea lamprey is possibly native (Bryan et al., 2005; Waldman et al., 2006) . More likely, the lack of structure in Atlantic rivers results from the lack of homing in this species (Bergstedt and Seelye, 1995) . Instead of homing, the sea lampreys are attracted by unknown cues coming from the 1055-7903/$ -see front matter Ó 2007 Elsevier Inc. All rights reserved. doi:10.1016 All rights reserved. doi:10. /j.ympev.2007 rivers and by pheromones secreted by amocoetes (e.g. Bjerselius et al., 2000) which means that after a local extinction the re-colonization of a river may be difficult.
In this paper, we used a fragment of 624 bp of mtDNA of the sea-lamprey control region, from specimens collected in rivers ranging from the Rhine to the Guadiana (Southern Portugal) and encompassing a substantial fraction of the Western European shore. This fragment includes the region sequenced by Rodriguez-Muñ oz et al. (2004) . Our aim was to test for possible structure when fish coming from different rivers were compared.
Methods

Taxon sampling
DNA sequences were obtained from 273 individuals (GenBank Accession Nos. from EF565470 to EF565742; for collection site locations, see Fig. 1 and Table 3 in supplementary material). Amocoetes were collected by electrofishing, while tissues of adults were acquired from local fisherman that operates at river mouths.
DNA procedures
Total genomic DNA was extracted from fin clips or pieces of muscle preserved in ethanol by an SDS/proteinase-k based protocol (Sambrook et al., 1989) . A total of 624 bp of the control region (d-loop) was amplified using the primers LampFor 5 0 -ACACCCAGAAACA GCAACAAA-3 0 and LampRev 5 0 -GCTGGTTTACAAGACCAGTGC-3 0 designed for this study. The amplification process was conducted as follows: 4 min at 94°C, 30 cycles of [94°C (1 min), 55°C (1 min) and 72°C (1 min)], 10 min at 72°C. Sequencing reactions were performed by Macrogen Inc. 
Data analysis
Sequences were aligned with ClustalX (Thompson et al., 1997) . Phylogenetic analysis was performed with PAUP 4.0 (Swofford, 2003) using maximum parsimony (MP). Bootstrap analysis was used to assess the relative robustness of branches of the MP tree (1000 replicates) (Felsenstein, 1985) . Lampetra fluviatilis (Linneaeus, 1758) was used as outgroup in all analyses (GenBank Accession No. Y18683). Relationships among haplotypes were analyzed with a parsimony network estimated by the software TCS Version 1.18 (Clement et al., 2000) .
ARLEQUIN software package Version 3.01 (Excoffier, 2005) was used to estimate genetic diversity indices, to access population differentiation, to perform neutrality tests and analysis of molecular variance (AMOVA; Excoffier et al., 1992 ). An analysis of the mismatch distribution (Rogers, 1995) was performed to test sudden expansion and spatial expansion models. Mean numbers of inter-population pairwise differences were corrected by subtracting the average within population differences for the populations of each pair. To allow the use of already published data, when comparing genetic diversity between North America and Europe, sequences were truncated and aligned with homologous sequences from two localities in Spain (rivers Minho and Cela) (Rodriguez-Muñ oz et al., 2004) and nine rivers from the North-western Atlantic (Waldman et al., 2006) . The haplotype diversity indices of North American and European drainages were compared with a Mann-Whitney U test with STATISTICA 6.0 (StatSoft, 2003) . In all other calculations, the non-truncated Versions of our sequences were used.
In the absence of a calibrated molecular clock for the control region of the sea lamprey, we tentatively used a value derived from the recent literature on fish. Several studies found that the mitochondrial genome of fishes as a whole typically evolve at a divergence rate around 2% per million years. We adopted this value, although aware that most likely it is a conservative one, as the control region tends to evolve at a particularly fast rate when compared with other regions of the mitochondrial DNA. Effective population size (N e ) was inferred given the estimate of diversity index (h = 2N e l).
Using empirically derived nucleotide frequencies and a single-rate model of molecular evolution, we simulated DNA matrices of identical dimensions as our empirical data, upon 1000 simulated coalescent genealogies for values of N e from 10 4 to 10 6 , using Mesquite (Maddison and Maddison, 2006) , and assuming a generation time of nine years (Hardisty and Potter, 1971) . In the coalescent simulations, population size was assumed to be constant through time. A scaling factor of 10 8 was selected through preliminary runs that provided a mutation rate similar to 2% per million years. From each set of simulations, we obtained the distribution of average pairwise differences (p), Watterson's nucleotide diversity (h), and the number of segregating sites (S), using SITES (Hey and Wakeley, 1997) .
Results
For the d-loop 63 sites were variable and six were parsimony informative. Eighteen haplotypes were found in the 273 samples studied. MP analysis resulted in six trees, with 67 steps (not shown). The MP tree lacked any noticeable structure representing a typical star-like phylogeny. There were no geographical patterns except for some very short branches which included only samples from one or a few locations.
This absence of pattern is clearly visible in the parsimony network obtained with TCS (Fig. 2) . All populations are dominated by an ancestral haplotype (PMVG8) which occurs in the majority of fish samples from each population. Indeed, 78% of samples correspond to this haplotype. A total of 18 distinct haplotypes were found, with no haplotype separated by more than three mutational steps from the ancestral one. The second most common haplotype (PMVG6) was separated from the ancestral one by a single mutational step. It occurred in 11% of samples and was present in several Portuguese rivers and in the Rhine. Thus, 89% of samples correspond to these two haplotypes, for which no geographical structure is observed. Although the results of AMOVA were significant, the within population variance was overwhelmingly larger than the among population component (Groups considered: Rhine, Garonne, Minho, Lima, Cávado, Douro, Vouga, Mondego, and Tejo; among population variance = 2.67%; within population variance = 97.33%; FST = 0.03; p < 0.05). The genetic diversity indices, neutrality test statistics, inter-population corrected pairwise differences, and pairwise FSTs are presented in Tables 1 and 2 . The data in Table 2 suggest that the results of AMOVA are, in large measure, an artefact caused by a disproportionately large sampling effort in some Portuguese rivers, which cause the detection of several rare haplotypes. In contrast, the samples from the River Garonne only contained the ancestral haplotype. Inspection of Table 1 shows that rivers as far apart as the Tagus, Minho and Rhine, did not yield significant pairwise FSTs, a finding that we take as clear evidence of lack of a global phylogeographic pattern in the data.
After our sequences were truncated, 12 haplotypes remained, which included the three haplotypes reported by Rodriguez-Muñ oz et al. (2004) . The rank order of haplotype frequencies between the two studies is identical. All Eastern Atlantic haplotypes are absent from Western Atlantic samples from Waldman et al. (2006) , and vice versa. Overall, haplotype diversity of the Eastern Atlantic (0.289) is much lower than in the Western Atlantic (0.771); river basin haplotype diversities were significantly lower in Europe than in North America (Mann-Whitney U test, Z = 3.78, n = 20, p < 0.001).
When all our samples are pooled together, estimates of effective population size, assuming a mutation rate of 2%/Myr, vary from 4200 and 13,055 individuals, using the Tajima (1983) and Watterson (1975) ) estimates of h ± SD, respectively h p ± SD = 0.472 ± 0.456; h S ± SD = 1.455 ± 0.559. Empirical levels of nucleotide diversity (h and S) are consistent with simulations assuming a 2% mutation rate and a population size (N e ) near 50,000 individuals. However, the average pairwise differences (p) of our data (0.00028) fall within the lower first percentile of simulation results. Both Tajima's D and Fu's Fs were negative and significant ( Table 2 ), suggesting that the population underwent a recent expansion. Mismatch analysis of the data showed a good fit between expected and observed differences for the pooled data (SSD = 0.00003129; p = 0.9582; Harpending's Raggedness index = 0.1645527; p = 0.5477), also supporting the hypothesis of a sudden expansion.
Both the sudden expansion and spatial expansion models estimate a time of expansion (s) of 0.5 mutations/generation, or about 40,000 years ago (95% CI: 0-10,000 years). This value falls well within the Pleistocene and, given our likely underestimation of mutation rate when applied to the control region, probably after the end of the last glaciation. The two models vary however in their post-expansion population size estimates: 29,500 individuals after sudden expansion versus 431,700 following a spatial expansion (sudden expansion model h 0 = 0.00, h 1 = 3.314, s = 0.516; spatial expansion model h = 0.001, M = 48.489, s = 0.482). In both cases, pre-expansion populations are estimated to include only a few thousand individuals.
Discussion
The present results confirm and extend the pattern described by Rodriguez-Muñoz et al. (2004) to an area of Western Europe ranging from the North Sea to Portugal.
The available evidence strongly supports the conclusion that in Europe sea-lampreys form a single population, which must be recovering from a recent bottleneck. In addition, the very low genetic diversity of European sealamprey when compared with the Atlantic coast of North America was clearly confirmed.
The low diversity and haplotype mismatch distribution suggest that the Eastern Atlantic population may be expanding following a recent bottleneck. Our analysis suggest its effective population size may be as low as 50,000. The low average pairwise difference observed in our data relative to that expected in a sample drawn from a constant sized population of 50,000 individuals, suggests that the population is probably growing and the time of the bottleneck may be overestimated.
In the last glacial maximum and probably repeatedly during the Pleistocene, many of the areas now occupied by the sea-lamprey in Europe were glaciated (Climap, 1981) , and although the waters of North-west Africa were probably of suitable temperature, few rivers were available in the region for the lampreys to spawn and grow. So, it is likely that Iberia was the centre of a much smaller refugial area where the species could survive. Unlike North America, Europe has very few rivers flowing to the South, which makes latitudinal shifts in distribution of freshwater fish much more difficult. On the other hand, it is possible that the aridity and relatively high temperature of Mediterranean rivers limited the use of the Mediterranean area as a refugium for this species.
The lack of differentiation found in European rivers is consistent with the lack of homing repeatedly found for this species (Bergstedt and Seelye, 1995) and its ability to travel many hundreds or thousands of kilometres. Fishes with some degree of homing (e.g. salmonids, Neville et al., 2006) tend to display some degree of differentiation among the populations that spawn in different rivers.
Although our results strongly suggest that the sea-lampreys of Western Europe form a single large population, it is premature to draw definitive conclusions on this issue. Data from the British Isles and Scandinavia are much needed to get a complete picture of the phylogeography of the sea-lamprey in Europe. International cooperation covering as completely as possible the full range of the species, together with additional genetic markers is needed.
